H8nd sep8r8tion of roots of 2 or more plants species from soil cores is a tedious 8nd labo~intensive task. Our objective was to determine whether neu-infrared refierturce spectroscopy (NIRS) could be employed to estimate root biomass proportions in bbmry mixture8 of 8lfaifa (IlYe&ugo sativu L.) with each of 4 grasses. Grasses chosen for experimentation were crested wheatgrass (Agropyron cr&t&m L.), intermedi8te wbe8tgr8ss [Tltbropynun Mefure&uu (Host) Bukwortb & DR. Dewey& an intergeneric hybrid [E@rigia repens (L.) Nevski X Pseudimegneria spicata (Pumh) Love], urd Russiur wildrye [Psathyrostachys junea (Fiscb.) New&i]. In tbe first experiment, roots from single-species field plots were washed from soil cores, dried, ground, and mechanically mixed in preselected 8lfaKa-grass ratios in which the percentage of grass varied from 0 to 100. Equ8tions to measure the proportion of l lf8lfa or grass were developed from nar btfr8red reflectance data using 84 r8ndomiy selected sample8 In the second experiment, the 5 plant species were grown in greenhouse pots in pure stands urd in birmry mixtures that included all combinations of the gr8sses. Root systems were seprr8ted while 8tt8cbed to the topgrowth, dried, 8nd ground. Tissues from single species tratments were mixed md calibration eqtmtions developed from these mixture8 were used to estimate the proportion of alf8if8 md the proportion of grass in samples. Sunpies contained either one type of root or 8 mixture of roots in proportions sbnil8r to those th8t occurred n8tur8lly in the pots. Coefficients of determination (rZ) between tbe emtimrted and the l cttml root mass r8tlos ranged from 0.92 to 0.99. Determination of tbe proportion of grass in the samples was more 8ccunte and precise than determbmtlon of the proportion of 8lf8If8. After the approprirte crlibrrtion equations have been developed, NlRS is more efficient than hand separrtion for estimrting rlfaifa-grass root mass ratios. The utility of the techniques can be increased by developing equations th8t encompass more complex mixtures and 8 wider range of environment8l circumstances. The relationships among plants in mixed species swards are of concern to ecologists, physiologists, agronomists, and range scientists. Many investigations involve the quantification of plant densities and top growth biomass ratios of the components of species mixtures. Similar measurements of root biomass often are not attempted because of the difficulty of correctly identifying and separating roots of different species.
quality of several different types of forage (Clark et al. 1987 , Minsonet al. 1983 , Shenk et al. 1979 , Ward et al. 1982 . NIRS was used to correctly determine the species composition of artificially created forage mixtures that contained as many as 4 species (Coieman et al. 1985) . Botanical composition of tail fescue (Festucu arundinacea Schreb.)-white clover (Trifolium repens L.) pasture mixtures was predicted by NIRS with excellent precision and accuracy following proper selection of calibration samples, wavelengths, and data transformation (Petersen et al. 1987 ). Brink and Marten (1986) showed that NIRS could be used to analyze the total nonstructural carbohydrate content of alfalfa (Medicago sutiva L.) roots; the technique was more convenient and accurate than conventional laboratory techniques. Our objective was to determine if NIRS could be used to quantify the root biomass ratios of alfalfa and 4 grass species when grown in binary mixtures.
Material8 and Methods
Experiment 1 'NC-83-l 'alfalfa (Kehr et al. 1975) , 'Fairway'crested wheatgrass (Rgropyron cristatum L), 'Oahe' intermediate wheatgrass (Fisch.) Nevski] plants were started in the greenhouse and transplanted to the field near Logan, Utah, in May 1983. All plants were spaced 0.5 m apart in a rectangular grid pattern. Details of the nursery plan were described by Rumbaugh and Pendery (1986) . The experimental field is at an elevation of 1,369 m and receives an average of 440 mm precipitation annually. The soil is a coarse, silty caronatic, mesic, Typic Haplozeroll.
Soil blocks 25 cm X 20 cm, extending 25-cm deep, and centered between 2 plants of the same population were extracted in July 1986. Two hundred samples were obtained for each of the 5 plant species. The samples were stored in plastic bags at 4" C until processed. Soil samples were soaked in water for 1 hour and the roots were extracted by careful washing with a fine, pressurized spray of cold water over a fine screen. Detritus was removed with a forceps. Root samples for each species were bulked, dried in a forced-air oven at 40' C, and ground with a UDY mill to pass through a l-mm screen.
Samples for NIRS analysis were prepared from pure root tissue. Mixtures of legume-grass root tissue were created by mixing known weights of alfalfa and grass. This was performed for all legume-grass combinations and the mixtures ranged from lOO% alfalfa to 100% grass in increments of 5%. With these combinations, a total of 100 samples (25 mixtures for each legume-grass species combination) were generated. Of the 100 samples, 84 were randomly selected for calibration (equation development) and I6 were used to test the equation. Variables used for equation development and testing were percentage alfalfa and grass root mass.
Equations were developed by collecting the spectra on each sample with a scanning monochromator Pacific Scientific model 63501 coupled to a DECi PDP I l/23 computer. Spectra were 'Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the USDA or the Utah Agricultural Experiment Station and does not imply its approval to the exclusion of the other products that may also be suitable.
collected from l,lOO-2,500 nm at every 2 nm for a total of 700 data points per sample. Percent root mass was entered into the computer for each sample and multiple linear regression equations were developed by regressing the spectral and root mass data. Equations were selected based on lowest standard error of calibration (SEC), highest R2, and all wavelengths in the equation having an F value > 10.0 (Abrams et al. 1987 ). Selected equations were tested on the remaining 16 samples and success was measured by a low standard error of performance (SEP), bias, and high rr.
Experiment 2
The 5 species used in experiment 1 were established in U-cm diameter pots in the greenhouse in January 1987. The 15 treatments consisted of 4 plants of 1 species or 2 plants of each 2 species in binary mixtures. Alfalfa seedlings were treated with a commercial inoculum as they were transplanted into the pots. The rooting medium was a sandy-loam soil enriched with a nitrogen-free fertilizer. The experimental design was a randomized complete block with 25 replications of the 15 treatments. Alfalfa plants were at the initial-bloom stage and the grasses vegetative when harvested during the last week of March 1987. Roots from the binary mixtures were carefully separated by species while still attached to the topgrowth. Roots from plants of a single species were bulked within each treatment, dried in a forced-air oven at 34' C, and ground as previously described.
Only root tissues from pots containing a single species were used to develop the NIRS equations. Ground roots from each of the 5 species were used alone or were blended in binary mixtures in 25% increments to create samples ranging from 0 to 100% composition for each species. These 35 samples were used to develop 2 multiple linear regression equations. The first equation quantified the proportion of alfalfa tissue in the samples and the second the proportion of grass. Not enough grass roots were available to develop equations to estimate individual grass populations. Fifteen test samples were formulated. Five consisted of roots from the single species treatments, Ten other test samples were created by reconstituting the binary-mixtures, using root tissues from the same binary mixture treatments, in proportions identical to the averages of those that occurred naturally in the pots.
Results

Experiment 1
In many pastures investigations, it is necessary only to distinguish the root mass of one species, such as alfalfa, from the roots of another crop species category, such as grass. Results involving artificial mixtures show that NIRS could be used to distinguish between root masses with a degree of precision and accuracy that would be appropriate for most experimentation (Table 1) . Coeff- 
cients of variation [CV=(SEP/ mean of the validation data set)X lOO]
were 2.5% for alfalfa and 4.3% for grass. Both values were as low as comparable estimates for forage biomass usually found in most agronomic and ecological studies. Discrepancies between the actual and determined means (bias) were -3.7% and 1.9% of the actual means of the alfalfa and grass samples, respectively. Estimated root biomass ratios for alfalfa and the 5 individual grasses were less accurate and precise than simply distinguishing between alfalfa and any grass species. SEC were less than 2% and the corresponding R2 values exceeded 0.99 (Table 2) . When the equations were tested on 16 other samples. SEP values were approximately 5% and produced high coefficients of determination. However, coefficients of variation ranged from 36.5% when estimating Oahe intermediate wheatgrass to 99.0% for the RS-2 species hybrid. The bias in the estimated proportion of alfalfa root mass was -1.4% of the actual mean. Analogous values for the 4 grasses ranged from 2.5% (Vinall Russian wildrye) to 37.1% (RS-2 hybrid). However, in no case was the r* less than 0.92.
Experiment 2
NIRS successfully discriminated between greenhouse-grown alfalfa root tissue and grass root tissue although the estimates of the proportions of the 2 species were neither as accurate nor as precise as in the field study (Table 1 ). The standard errors of analysis were 3-fold greater than in Experiment 1 and the biases were -6.0% and -2.6% of the actual means of the alfalfa and grass samples, respectively. However, the coefficients of determination (0.95 or above) indicated very acceptable levels of precision.
Determination of the proportion of alfalfa in a sample containing only alfalf4 was very accurate as indicated by a bias amounting to only 0.3% (Table 3) . When NIRS was used to determine the proportion of grass in a sample that contained only alfalfa, the resulting estimate was negative. When NIRS was used to determine the amount of alfalfa in samples that contained both alfalfa and grass root tissues, biases ranged from 5.6 to -19.9% of the actual alfalfa means and averaged -8.9%. When the same samples were used to estimate the amounts of the grasses, biases ranged from -4.6 to -28.4% of the actual grass means and the average bias was -13.8%. When 2 grasses were included in the samples, biases ranged from -9.3% for crested and intermediate wheatgrasses to 4.8% for the crested wheatgrass and Russian wildrye mixture. The mean absolute bias of binary grass mixtures was 4.4%. The mean absolute bias for all NIRS determinations of the proportion of alfalfa was 6.1% which was the equivalent of 26.5% of the actual mean proportion of alfalfa in the 15 samples. Similarly, the mean absolute bias for grass was 3.7% which was 5.0% of the mean proportion of grass. Thus, NIRS determinations of the proportion of grass were more accurate than those of alfalfa in Experiment 2. Petersen et al. (1987) who used NIRS to measure the species composition of forage mixtures. The calibration data using root tissues were subject to the same composition, machine, sampling, and methodology errors that affected forage tissues. Similarly r2 values in these previous studies were slightly higher when estimating the proportion of alfalfa tissue than when estimating the proportion of grass tissue in mixed species samples.
Our study involved only samples that contained no more than 2 species whereas the mixtures studied by Coleman et al. (1985) contained as many as 4 species. Seeded pastures often contain only 2 species but the NIRS technique would have application to a broader range of experimentation if root calibration equations were developed for specific components of more complex mixtures. The components of such mixtures would have to differ sufficiently so that NIRS procedures could measure differences in molecular motion of the chemical bonds associated with their respective organic compounds. Additional research also will be required to determine whether it is feasible to use a common equation to measure the proportions of root biomass in samples collected from different soils with varying fertility levels and precipitation regimes. Data from the 2 experiments described lead us to conclude that NIRS technology can be used to develop procedures to estimate the proportions of root biomass of different plant Literature Cited
